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Abstract 26 
To conserve species it is essential to understand which factors determine their distribution 27 
and density. Here we focus on the critically endangered Sumatran orang-utan and 28 
examine factors that influence the distribution and density in the Batang Toru area, the 29 
southernmost area where wild orang-utans occur on Sumatra. We contrast a scenario in 30 
which orang-utan distribution is mainly determined by ecological, and topographic 31 
variables with a model that includes hunting and human impact. We show that orang-utan 32 
distribution and density are best explained by hunting pressure and elevation. These 33 
results indicate that an assessment of anthropogenic factors that might influence density 34 
such as hunting needs to be included in surveys that aim to predict orang-utan distribution 35 
and density.  As anthropogenic impact becomes higher with increasing human population 36 
density and increased forest access in most areas where orang-utans occur the 37 
consequence is that orang-utan conservation will have to be achieved in an environment 38 
modified by humans. In such areas the potential for a range of conflicts such as hunting 39 
that lead to human-caused mortality for orang-utans will remain a constant threat and 40 
need to be mitigated.  41 
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1. Introduction 45 
 Effective species conservation requires solid understanding of the factors that 46 
determine the distribution and density of the species. As a result there is a large body of 47 
literature from studies that have examined factors that influence the distribution (Elith et 48 
al. 2006; Guisan and Thuiller 2005) and density of species (Eltz et al. 2002; Karanth et al. 49 
2004). These studies have shown that ecological factors such as vegetation type (Karanth 50 
and Sunquist 1992; Peres 1997), fruit-tree density (Balcomb et al. 2000; Marshall et al. 51 
2009a; van Schaik et al. 1995; Wich et al. 2004)), altitude (Bruhl et al. 1999; Heaney et 52 
al. 1989; Lammertink 2004; van Schaik et al. 1995), climate (Hill 1999), and prey-density 53 
(Karanth et al. 2004) have an influence on species’ distribution and density. Although 54 
these factors are important in conditions where human influence is limited, many species 55 
find themselves in human dominated landscapes where anthropogenic factors have an 56 
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impact on species’ distribution and density, which can be even more important. Such 57 
factors are habitat alteration through logging or other means (Chapman et al. 2000; Eltz et 58 
al. 2002; Felton et al. 2003; Hill et al. 1995; Meijaard et al. 2005) ; habitat fragmentation 59 
(Henle et al. 2004; Kattan et al. 1994; Laurance 1990; Şekercioglu et al. 2002; Turner 60 
1996) ; disease (Koendgen et al. 2008; Walsh et al. 2003; Walsh et al. 2005); and hunting 61 
(Altrichter and Boaglio 2004; Kühl et al. 2009; Marshall et al. 2006; Meijaard et al. 62 
2010b; Peres 1997; Reinartz et al. 2006; Rijksen and Meijaard 1999). It is therefore clear 63 
that focusing purely on ecological factors in models for distribution and density will not 64 
be sufficient. 65 
 Here we focus on the Sumatran orang-utan (Pongo abelii), a critically endangered 66 
orang-utan species that only occurs on the Indonesian island of Sumatra and for which a 67 
conservative estimate of 6,600 individuals in the wild is given (Wich et al. 2008). Our 68 
main aim is to evaluate which factors determine their distribution and density in a human 69 
dominated landscape. Although there have been several attempts to determine the factors 70 
that influence the distribution and density of Sumatran orang-utans (Husson et al. 2009; 71 
van Schaik et al. 1995; Wich et al. 2004), there has been only one study that examined 72 
the influence of hunting and other ecological variables on orang-utan density in a 73 
multivariate approach (Marshall et al. 2006). The Marshall et al. (2006) study was 74 
conducted for Borneo and so far no studies for Sumatran orang-utans exist. Such data are 75 
important for two main reasons. First, because the authorities are not adequately 76 
addressing the hunting issues data on the effects of hunting can be used to convince the 77 
appropriate authorities to start dealing with the hunting issue (Rijksen and Meijaard 78 
1999). Second, to start monitoring the long-term impact of hunting on orang-utan 79 
populations, which so far only comes from population viability models without any 80 
monitoring data to test the accuracy of such models (Marshall et al. 2009b). There are no 81 
data available indicating that disease might have influenced orang-utan distribution or 82 
density so we do not address this factor here while acknowledging that more work on this 83 
aspect needs to be done. Although at present we cannot yet make models for the whole 84 
potential orang-utan distribution on Sumatra, we have a relatively large dataset available 85 
for one of the populations namely the Batang Toru population (Wich et al. 2008; Wich et 86 
al. 2003), for which also information on hunting pressure also exists from a recent 87 
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questionnaire (Usher, pers.com.). This allows us to examine the relative contributions of 88 
hunting pressure, ecological, topographic and climate factors on orang-utan distribution 89 
and density.  90 
 Hunting has been shown to influence orang-utan density (Marshall et al. 2006) 91 
and might have been responsible for lower orang-utan densities at present than compared 92 
to the past (Meijaard et al. 2010b). It has also been suggested that hunting could be 93 
related to gaps in orang-utan distribution on Sumatra and Borneo (Rijksen and Meijaard 94 
1999) and that a very modest hunting pressure can send a population into an extinction 95 
trajectory (Marshall et al. 2009b). However, there have been no studies using actual 96 
hunting pressure data in a predictive model in combination with other factors that are 97 
known to influence orang-utan distribution and density to investigate the importance of 98 
hunting in relation to these other factors. Identifying the importance of the various factors 99 
is important since it can help determine whether conservation action needs to address 100 
hunting and human impact or whether the impact of these is so low that the effects on 101 
density and distribution are negligible and that conservation efforts can therefore better 102 
be applied elsewhere. The main other factors that have been examined for their influence 103 
on orang-utan density are forest integrity and topographic parameters (Husson et al. 2009; 104 
Wich et al. 2004), but in those studies hunting pressure was not included. Our approach 105 
here therefore represents the first attempt to model orang-utan distribution and density 106 
while incorporating the main factors that have been argued to influence these.  107 
 108 
2. Methods 109 
2.1 Field methods 110 
2.1.1 Study area 111 
The Batang Toru forest area is located just southwest of the large lake Toba in the 112 
province of North Sumatra. The area can be divided in a western and eastern forest block 113 
that are separated by the Batang Toru river and a large fertile valley which has been 114 
farmed for several centuries (Fig. 1). The forests in this area range from 150 m to 1800 m 115 
elevation, with some 75% of the forest being above 750 m. The forest area where orang-116 
utans are thought to occur is 1093 km2 in total (844 km2 west and 249 km2 east). The 117 
forests can mostly be characterized as lower montane, with the most common tree 118 
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families being Sapotaceae, Myrtaceae and Lauraceae. Most of the terrain is extremely 119 
rugged and a large proportion of the area has slopes of 40% or greater. 120 
The Batang Toru area contains the southernmost known orang-utan population on 121 
Sumatra and orang-utans were rediscovered here in 1997 (Meijaard 1997). This orang-122 
utan population was thought to be isolated from the more northern populations in 123 
Sumatra because of large gaps in forest cover between the areas (Wich et al. 2003). 124 
Subsequent research in the area indicated that the population’s mitochondrial DNA is 125 
very different from the orang-utans occurring in the more northern parts of Sumatra and 126 
more closely clustered with Bornean orang-utans, indicating the uniqueness of this 127 
population (Nater et al. 2011). Its uniqueness also comes from being the only orang-utan 128 
population in a dryland forest where tool-use on Neesia sp. fruits has been observed in a 129 
small upland peatswamp, which previously has only been reported for orang-utans in 130 
coastal peatswamp forests (van Schaik 2009). Wich et al. (2008) estimated the orang-utan 131 
population for the area to be 550, with 400 for the western and 150 individuals for the 132 
eastern forest block (Fig. 1). 133 
 134 
2.1.2 Field data collection 135 
We conducted a total of 72 line transects of varying length in the area between 2003 and 136 
2009. These were unrelated surveys and not part of an overall design. We used standard 137 
methods to detect nests (Buij et al. 2003; Schaik van et al. 1995; van Schaik et al. 1995). 138 
All observers were well trained and the methodology was consistent between observers 139 
Along each transect a minimum of three observers slowly walked the transect and 140 
carefully looked for nests. For each observed nest the perpendicular distance was 141 
measured with a tape measure or on occasions that the terrain did not allow for tape 142 
measurements, the distance was measured with a rangefinder. For each nest observed the 143 
perpendicular distance in meters was measured with a measuring tape, the height of the 144 
nest was estimated in 5-meter interval classes, and the decay stage of the nest was 145 
recorded. Nest decay was measured in a four-class system: (A) fresh, some leaves still 146 
green; (B) nest is brown but remains intact; (C) leaves missing and holes appearing in 147 
nest; (D) leaves are gone, only branch structure of nest remains. 148 
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Information on hunting was obtained from the Sumatran Orangutan Conservation 149 
Programme who conducted 4 socio-economic surveys covering 4 separate geographical 150 
areas around the Batang Toru forests between October 2007 and February 2009. A total 151 
of 2,811 respondents in 378 locations, representing 2.12% of the total population living 152 
around the forests, were interviewed using a questionnaires consisting of up to 174 153 
questions. Respondents were mainly adult males. Question 100 asked “which species are 154 
often hunted or obtained?”, with check boxes for over 20 species plus an option for 155 
adding further species. Data from the 4 surveys were collated into a unified database, and 156 
an additional field added for the spatial location of the respondent. The database was 157 
analyzed using SurveyPro 3.0, and orangutan hunting data exported to a spreadsheet file 158 
which was then linked to the attribute table of a GIS point shapefile to allow for visual 159 
representation of the distribution of orangutan hunters as a proportion of the total number 160 
of respondents at each location.  161 
 162 
2.2 Analytical methods 163 
 164 
2.2.1. Covariates 165 
To explain variation in orang-utan density as a function of hunting pressure and other 166 
environmental variables and to build a predictive spatial model, we identified several 167 
covariate datasets, each belonging to one of the categories topography (altitude, slope), 168 
ecological/habitat condition (forest type, above ground carbon), human impact (% orang-169 
utan hunters in neighbouring villages, distance to forest edge) and climate (average 170 
annual rainfall, variation in annual rainfall). We extracted the mean value of all 171 
covariates, except ‘distance to forest edge’ in a neighbourhood of half the transect length 172 
around each transect midpoint, and also for 1x1km sized grid cells, covering the survey 173 
area, which we needed to make spatial predictions. ‘Distance to forest edge’ we extracted 174 
as the value of the location of the transect midpoint and of the grid cell centerpoint (see 175 
supplementary information for details on the various layers). We did not consider 176 
geographic barriers in those calculations. 177 
 178 
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 We conducted correlation, principal component (PCA) and factor analyses (FA) 179 
to evaluate the degree of multicollinearity between the different covariates and to 180 
potentially reduce the number of predictors. Whereas some variables were highly 181 
correlated (topographic and climate variables, vegetation variables), PCA and FA did not 182 
provide a considerable reduction in the number of predictor variables that we considered 183 
useful. We therefore decided to select only those covariates that correlated less than 0.5 184 
with any other predictor variable. Thus we ended up with the topographic variables 185 
‘altitude’, ‘slope’, the human impact variables ‘distance of transect to forest edge’, 186 
‘percentage of orang-utan hunters in villages’ and the ecological/habitat condition 187 
variable ‘proportion primary forest’. We did not include any climate variables, since they 188 
were well represented by the topographic variables (supplementary information, Table 189 
S2).       190 
Furthermore, we developed an autocorrelation term as additional predictor (see 191 
supplementary information). Environmental, ecological and human covariates usually 192 
explain only a certain proportion of observed density variation. A much larger proportion 193 
of the variance remains usually unexplained and parts of it can often be attributed to 194 
‘spatial autocorrelation’ between sampling locations (Dormann et al. 2007; Lichstein et 195 
al. 2002). All covariates and the autocorrelation term were z-transformed for facilitating 196 
model parameter comparison.        197 
 198 
2.2.2. Modelling 199 
For analyzing the combined influence of the five covariates and in particular for assessing 200 
the impact of hunting on orang-utan density and to build a predictive orang-utan density 201 
model for the survey area, we used Generalized Linear Modeling (GLM) (McCullagh and 202 
Nelder 1989). In order to build an appropriate model, we had to consider several issues. 203 
First, orang-utan transect nest count data are usually skewed with a high proportion of 204 
transects with only few observations and few transects with a large number of nest 205 
observations. To account for this, we included a negative binomial error function. 206 
Second, our data were collected along transects of differing length. We accounted for this 207 
by including an offset term into our model that relates the density prediction of the model 208 
to the area covered by transects of differing length (Hedley and Buckland 2004). Third, to 209 
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account for spatially autocorrelated residuals, we included an autocorrelation term as 210 
additional predictor into the model (see supplementary information). Fourth, we expected 211 
‘altitude’ and ‘hunting’ to influence orang-utan density in a nonlinear way. Therefore, we 212 
included for both predictor variables also squared terms into the model, as well as an 213 
interaction term between altitude and hunting. Thus our full model became 214 
 215 
orang-utan nest density ~ altitude + slope + proportion primary forest + hunting + 216 
distance to forest edge + altitude² + hunting² +altitude*hunting + autocorrelation +       217 
offset + error term 218 
 219 
To evaluate the combined influence of the five covariates and in particular the 220 
effect of hunting, we ran the full model and compared it with the reduced model not 221 
containing the hunting effect. For reasons of model uncertainty in spatial model 222 
prediction, we also evaluated all possible combination of models (n=104), for which we 223 
derived AIC and AIC weights. 224 
To evaluate whether modelling assumptions were met and to evaluate the 225 
goodness of fit of the developed models we ran a series of model diagnostics including 226 
the assessment of residuals, observed vs. predicted values, Cook’ distance, DFbeta, 227 
DFfits and QQ-plots (see supplementary information). All analyses were conducted using 228 
R (version 2.9.1, R Development Core Team, 2005). 229 
 230 
2.2.3. Nest decay and estimation of orang-utan density 231 
For converting orang-utan nest density into orang-utan density, the former need to be 232 
divided by nest decay time, daily nest construction rate and the proportion of nest 233 
builders (Kühl et al. 2008; van Schaik et al. 1995). Daily nest construction rate and 234 
proportion of nest builders can only be estimated following habituated individuals. We 235 
therefore took values for these two variables from the literature (see below under 236 
prediction heading for details). For estimating nest decay time, we had a data set on 386 237 
freshly built nests from Batang Toru available. Each nest was revisited one to 10 times 238 
after it was built. For each nest, we extracted the date of first visit that approximated 239 
construction and the day of the last visit, no matter, whether the nest had decayed or not. 240 
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We then ran a logistic regression with normalized intercept (Laing et al. 2003) and 241 
included age of the nest as the only predictor. We estimated mean decay time by 242 
summing the product of daily decay probability and time elapsed since construction over 243 
2000 days (supplementary information).  244 
 245 
2.2.4. Prediction 246 
Because the BT survey area was not defined prior to the transect sampling, we limited 247 
spatial predictions to an area of 5km around each transect midpoint, with a total surface 248 
of 973km². This we justified by information about the scale of orang-utan ranging 249 
behaviour (Singleton et al. 2009). To derive model predictions of orang-utan density and 250 
abundance for this area, we generated a 1x1km grid to which we assigned values of the 251 
five covariates and the autocorrelation term. The autocorrelation term, we interpolated 252 
non-parametrically from the values calculated for each transect (see supplementary 253 
information). We then generated AIC weighted nest density model predictions with each 254 
of the 104 models and summed the predictions for each cell. We then divided the nest 255 
density value for each cell mean by the estimated mean nest decay time, a nest 256 
construction rate of 1.7 days (Buij et al. 2003) and a proportion of nest builders of 0.9 257 
(Buij et al. 2003) to derive orang-utan density estimates per cell. The sum of all cell 258 
values gave the estimated orang-utan abundance. We used parametric bootstrap repeated 259 
1000 times to derive 95% confidence limits (see supplementary material). 260 
 261 
3. Results 262 
3.1. General 263 
In total 602 orang-utan nests were encountered on the 72 transects (111.8 km total length) 264 
sampled in the BT area. Mean nest encounter rate per km was 5.38 ± 8.7 (SD) and ranged 265 
from 0-33.7 nests per km.  266 
 267 
3.2. Covariate modelling 268 
Orang-utan nest density was much better predicted by the full model including all five 269 
covariates and the autocorrelation term than by the reduced model without the hunting 270 
information (likelihood ratio test 11.51; Df=2; p<0.01) (Table 1). This result was also 271 
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supported by the fact that all models in the 95% confidence set contained the hunting 272 
information variable and interaction between hunting and altitude (Table S1). The 273 
interaction between hunting and altitude is complex (Fig. 2). At low altitude, hunting 274 
pressure has a negligible effect on orang-utan density, because OU density is low in 275 
general, but at higher altitude an increase in hunting pressure is related to a considerable 276 
increase in orang-utan density (Fig. 2). Furthermore, nest density showed a positive 277 
quadratic relationship with altitude with a maximum between 500-800m (Fig. 3; Table1). 278 
Also, the autocorrelation term was highly significant indicating the strong spatial 279 
correlation of nest density (Fig. 3f). The ‘proportion of primary forest’ and ‘distance to 280 
forest edge’ were the least important predictors (Table 1; Fig. 3).  281 
 282 
3.3. Nest decay 283 
We estimated mean nest decay time at 503 days with a 95% confidence limits of 458-548 284 
days and a coefficient of variation of 0.045. The fit of the logistic decay model was very 285 
good (χ², p<0.001) (Fig. 4). 286 
 287 
3.4. Spatial prediction, orang-utan distribution, density and abundance estimates 288 
The model prediction of orang-utan density for the survey area provided estimates 289 
varying from zero to almost seven orang-utans per km² with a cluster of higher density 290 
occurring in the west of Batang Toru (Fig.1). Mean orang-utan density in the survey area 291 
was 0.23 individuals/km². Total orang-utan abundance for the survey area of 973 km² was 292 
estimated to be 225 (95% CI 147-363) individuals with 74 (95% CI 45-112) in the East 293 
(585km²) and 151 (95% CI 94-231) (388km²) in the western part.    294 
 295 
4. Discussion 296 
In this paper we contrast models for orang-utan distribution and density containing only 297 
ecological and topographic factors with models in which hunting and human impact are 298 
incorporated. Although several previous studies have addressed the effect of such factors 299 
on orang-utan density separately or in multivariate models (Felton et al. 2003; Husson et 300 
al. 2009; Marshall et al. 2006; Meijaard et al. 2010b; van Schaik et al. 1995; Wich et al. 301 
2004), this is the first study to use a predictive model to assess this. These studies have 302 
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shown that several ecological and topographic factors can influence orang-utan density in 303 
remaining habitat, but that orang-utan density is predominantly influenced by 304 
anthropogenic factors such as logging and hunting. Although both negatively affect 305 
orang-utan density in general, in Borneo logging appears to have less of an effect on 306 
orang-utan density than on Sumatra (Ancrenaz et al. 2010; Husson et al. 2009) and orang-307 
utans on Borneo showing some resilience in human altered landscape mosaics (Meijaard 308 
et al. 2010a). We have examined nest density here for a high-altitude orang-utan 309 
population compared to other studies and expectedly nest decay rates are higher than 310 
what has been previously documented for Sumatra (Husson et al. 2009) and close to some 311 
of the rates reported for East Kalimantan (Mathewson et al. 2008) 312 
The results of our analyses show that orang-utan hunting and altitude are the two 313 
most important factors explaining orang-utan density for the Batang Toru area, but in a 314 
somewhat non-intuitive way. Where the questionnaires (Usher, pers. com) indicate high 315 
orang-utan hunting pressure one would perhaps expect low orang-utan density, but our 316 
result show the opposite pattern. Where orang-utan hunting reports are high, orang-utan 317 
density is high and this effect is strongest at an intermediate altitude. At low altitude 318 
orang-utan density is low, perhaps due to previous hunting in these areas where access is 319 
relatively easy. This could have resulted in a currently low hunting incidence since orang-320 
utans are hardly present in those areas anymore. At high altitude there are ecological 321 
constraints on orang-utan density such as fruit productivity that cause a low density 322 
(Djojosudharmo and van Schaik 1992). As a result the effect of hunting is most 323 
pronounced at intermediate altitude since that is where orang-utan density is highest.  324 
The perhaps surprisingly positive relationship between hunting and orang-utan 325 
density indicates that hunting predominantly is reported from areas where orang-utan 326 
density is still relatively high and orang-utans are therefore presumably easier to find and 327 
hunt. This result indicates that one needs to design questionnaires carefully to be able to 328 
make inferences about orang-utan density from hunting interview data. At least some 329 
questions would need to address whether orang-utans were observed while being in the 330 
forest and not hunting  (Meijaard et al. 2011).  331 
As expected distance from forest edge (0-5.13km) was positively related to orang-332 
utan density. This can be explained by the fact that further away from the forest edge 333 
 12 
hunting pressure is also expected to be lower because the questionnaire data show that on 334 
76% of the trips people make to the forest these trips are less than a day long, which 335 
limits the distance they can cover in the forest. These findings are similar to the one other 336 
study that has investigated orang-utan density and distance from the forest edge (Marshall 337 
et al. 2006). 338 
The results here also indicate that at present it is becoming increasingly difficult 339 
to determine which non-anthropogenic factors are important in determining orang-utan 340 
density because hunting has an influence on orang-utan density. It is possible that 341 
previous hunting has lowered orang-utan density in areas where hunting is not reported 342 
from and that orang-utan density is below carrying capacity in such areas and will fall 343 
below carrying capacity in all areas if hunting continues. Although at present we cannot 344 
show this, a study that was conducted on Borneo indicated that overall hunting might 345 
have lowered densities on the island (Meijaard et al. 2010b). It would be very interesting 346 
to determine whether the Batang Toru orang-utan population is in a downward trend or 347 
not, but unfortunately no life history nor specific hunting data on age-sex distribution of 348 
hunted orang-utans are available at present to assess this. However, modelling has 349 
indicated that even very low levels of hunting on females could send a population 350 
towards extinction (Marshall et al. 2009b) and it is therefore a strong possibility that the 351 
orang-utan population in Batang Toru is in such a downward trend.  352 
To establish which non-anthropogenic factors are important in determining 353 
Sumatra orang-utan density one therefore needs to study the orang-utans in the Leuser 354 
Ecosystem (a large conservation area north of  the Toba lake) where hunting orang-utans 355 
for food has been absent for religious reasons for a long-time (Rijksen and Meijaard 356 
1999) and previous studies have found correlations between ecological and topographical 357 
features and orang-utan density in the remaining primary rainforests (van Schaik et al. 358 
1995; Wich et al. 2004). This problem is also profound for African great apes which are 359 
hunted extensively and intensively (Fa and Brown 2009; Kühl et al. 2009; Remis and 360 
Kpanou 2011). 361 
Since human dominated landscapes are becoming the norm for areas in which 362 
orang-utans occur it is important to determine how we can effectively conserve orang-363 
utans in such landscapes. From this and other studies it is clear that logging and hunting 364 
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are the main negative factors (Husson et al. 2009; Marshall et al. 2009b; Marshall et al. 365 
2006; Rijksen and Meijaard 1999). Although logging of forests where orang-utans occur 366 
generally has a negative impact (Husson et al. 2009), its impact can be mitigated to some 367 
extent by reduced impact logging (Ancrenaz et al. 2010; Marshall et al. 2006) and leaving 368 
the forest to recover after logging (Knop et al. 2004). Hunting has been long suspected to 369 
be the main factor for disappearance of orang-utans from large parts of their former range 370 
(Rijksen and Meijaard 1999). The only previous field study on hunting  shows clearly 371 
that hunting has a negative impact on orang-utan population density (Marshall et al. 372 
2006) and modelling studies indicate that low levels of hunting can set an orang-utan 373 
population on a path to extinction (Marshall et al. 2009b). Studies on hunting are 374 
therefore important to determine that hunting indeed occurs and to examine how large the 375 
negative effect of hunting on population density is. As has been suggested many times 376 
before, an important aspect of mitigating the hunting threat is to increase the 377 
effectiveness of law enforcement (Rijksen and Meijaard 1999). Killing of orang-utans has 378 
been illegal under Indonesian law for more than 80 years, but enforcing this law by 379 
prosecuting the people involved in orang-utan hunting has to the best of our knowledge 380 
never occurred. While an increase in law enforcement is important there should also be 381 
strong awareness campaigns and education efforts to explain people that hunting of 382 
orang-utans is not only illegal, but also simply ‘not done’ in a modern society. As long as 383 
hunting of orang-utans occurs the survival of orang-utans in human dominated landscapes 384 
is unlikely.  385 
 386 
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Table 1: Covariate modeling results for the best model with lowest AIC, the full model, the model with no hunting effect and the null 396 
model. Listed is the number of parameters, AIC, AIC weight, the parameter estimates for the coefficients. 397 
 398 
Model par AIC AICw int alt alt² slope hunt hunt²  dist.for forest alt:hunt ac 399 
 400 
alt+alt²+hunt+alt:hunt+ac 6 403 0.2  1.95 10.05 -37.34      - 0.2      -         -      - 3.14 0.11 401 
 402 
 403 
alt+alt²+slope+hunt+hunt² 10 409 0.0  1.87 9.51  -37.29 0.02 1.25 -1.12    0.06    0.26 3.23  0.12 404 
+dist.forest+forest+alt:hunt+ac 405 
 406 
 407 
alt+alt²+slope+dist.forest+forest+ac 7 415 0.0  2.87 4.63  -27.25 0.01     -      -     0.36     0.45    -  0.1 408 
 409 
alt+alt²+slope+forest+ac 6 416 0.0  2,65 4.79  -28.79 1.4E-04     -      -        -     0.72    -  0.1  410 
 411 
ac 2 434 0.0   4.93     -           -        -      -      -          -        -    -  0.17 412 
 413 
 414 
p-values   <0.01 <0.01 <0.01 0.24 0.23 0.08 0.23 0.1 <0.01        <0.01 415 
 416 
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Figure legends 417 
 418 
Fig. 1: Maps of Batang Toru study area showing altitude, location of transects and hunting information (A) and orang-utan density 419 
surface (B); (C) Location of Batang Toru study area within Sumatra, in green forest cover for Aceh and North Sumatra provinces; and 420 
(D) Location of Sumatra within Indonesia. Hunting is presented as the percentage of interviewed villagers in each village that stated 421 
they hunted orang-utans. The crosses (x) and circles indicate the location of the villages.  422 
 423 
Fig. 2: Perspective plot of orang-utan density as a function of altitude+altitude²+hunting+altitude*hunting+autocorrelation 424 
 425 
Fig. 3: Scatter plots of (a) altitude, (b) slope, (c) hunting, (d) distance to forest, (e) proportion primary forest vs. nest encounter rate 426 
and (f) the autocorrelation values at neighboring transect locations vs. model residuals 427 
 428 
Fig. 4: Time series of the proportion of surviving nests from the study site (open circles) and nest decay model prediction (solid line). 429 
 430 
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Supplementary Information S1 1 
Identification of Covariates 2 
Initially we identified eight covariates belonging to the four broad topography classes, 3 
vegetation, human impact and climate (Table S1.1). We selected these variables to well 4 
represent the environmental conditions of orang-utan habitat in Batang Toru. Although 5 
data stem from a range of years there are no indications that this might have influenced 6 
results. 7 
 8 
Table S1.1: List of covariates 9 
ID Class Covariate Dataset description Extraction 
1 Topography Elevation DEM from SRTM; degree tile, 90m 
resolution 
SRTM_ffB03_p128r059 
Downloaded from GLCF 
http:// http://glcf.umiacs.umd.edu/ 
Mean altitude in circle 
around midpoint of each 
transects with radius of 
half the transect length 
2 Slope Generated from degree tile, 90m 
resolution SRTM_ffB03_p128r059 
http://www.glcf.org 
Mean slope in circle 
around midpoint of each 
transects with radius of 
half the transect length 
3 Vegetation Forest type Landsat 7 ETM+ classification (6 
classes: 1-road; 2-cleared areas; 3-
primary forest;  
4-clouds; 5-logged forest;  
6-mix of primary and logged forest) 
using ‘random forest’ package in R 
http:// www.glcf.org (image from 
2004). Training database created by 
SW based on extensive field 
knowledge of the area. 
Proportion of primary 
forest in circle around 
midpoint of each transects 
with radius of half the 
transect length 
 
4 Above ground carbon Based on 2005-2006 MODIS images. 
Provided by Woods Hole Research 
Center (for methods see: 
http://www.whrc.org/mapping/pantro
pical/modis.html) and Baccini et al in 
review. 
Mean above ground carbon 
in circle around midpoint 
of each transects with 
radius of half the transect 
length  
5 Human Impact Hunting Based on interview survey in 
neighboring villages, calculated as 
the number of people admitting to 
hunt orang-utans divided by the 
number of respondents (Usher et al. 
in prep. Available upon request) 
Mean proportion of 
hunters in neighboring 
villages in circle with 
radius of 20km around 
each transect 
 
6 Distance to forest 
edge 
Forest cover layer generated in 2009 
from 2004 Landsat 7 ETM + image 
Distance of transect 
midpoint to forest edge 
 
7 Climate Mean annual rainfall Extracted from Bioclim dataset, 
variable 12 
http://www.worldclim.org  
Mean annual rainfall in 
circle around midpoint of 
each transects with radius 
of half the transect length 
 2 
 
8 Variation in annual 
rainfall 
Extracted from Bioclim dataset, 
variable 15 
(Coefficient of variation) 
http://www.worldclim.org  
Mean coefficient of 
variation in circle around 
midpoint of each transects 
with radius of half the 
transect length 
Selection of Covariates 10 
Multicollinearity between predictor variables causes considerable problems in model 11 
fitting and interpretation of results. We therefore evaluated the degree of multicollinearity 12 
between the identified covariates by conducting correlation, principal component (PCA) 13 
and factor analyses (FA).  14 
The Spearman correlation between all predictor variables showed a very high degree of 15 
correlation between several predictor variables (Table S1.2, Fig. S1.1). 16 
 17 
 18 
Table S.1.2: Results of spearman correlations between all pairs of predictor variables. 19 
The variables selected for the analysis are highlighted. 20 
 21 
alt slope biomass hunting dist.forest prim.forest logged.forest bioclim1 bioclim12
alt 1.000 -0.206 0.376 0.026 0.263 0.504 -0.380 -0.951 -0.891
slope -0.206 1.000 -0.011 -0.137 -0.114 -0.296 0.363 0.166 0.170
biomass 0.376 -0.011 1.000 0.283 0.362 0.644 -0.527 -0.382 -0.303
hunting 0.026 -0.137 0.283 1.000 0.320 0.386 -0.437 -0.025 0.110
dist.forest 0.263 -0.114 0.362 0.320 1.000 0.474 -0.452 -0.280 -0.129
prim.forest 0.504 -0.296 0.644 0.386 0.474 1.000 -0.870 -0.496 -0.384
logged.fores -0.380 0.363 -0.527 -0.437 -0.452 -0.870 1.000 0.369 0.229
bioclim1 -0.951 0.166 -0.382 -0.025 -0.280 -0.496 0.369 1.000 0.926
bioclim12 -0.891 0.170 -0.303 0.110 -0.129 -0.384 0.229 0.926 1.00022 
 23 
 24 
 25 
We therefore tried to reduce the number of the nine predictor variables by conducting 26 
PCA and FA. However, both analyses did not considerably reduce the number of 27 
predictor variables. We therefore decided to conduct the analyses with a reduced set of 28 
predictor variables that still represented the ecological conditions and human pressure in 29 
 3 
the area, however, which were not highly correlated with each other. These were ‘alt’, 30 
‘slope’, ‘hunting’, ‘dist.forest’ and ‘prim.forest’.   31 
 32 
 33 
 34 
 35 
Fig. S1.1 Pairwise plots of predictor variables 36 
 37 
 38 
The variance inflation factors of the different variables Table S.1.3 were all below five, 39 
which is often suggested to be used as a threshold value indicating high multicollinearity. 40 
 4 
 41 
 42 
 43 
 44 
Table S1.3: Variance inflation factors for the different predictor variables derived from 45 
the model without squared terms and interactions. 46 
 47 
Modeling 48 
The average of model residuals weighted by the inverse distance (dij) to the focal transect 49 
is included as additional predictor into the model.  To account for spatial autocorrelation, 50 
we first determined the residuals from the full model. Then, separately for each data 51 
point, we averaged the residuals of all other data points, with each residual's weight being 52 
a function of its distance to that data point. The weight followed a normal distribution 53 
(with a mean of zero), and we optimized the standard deviation of this distribution by 54 
minimizing the AIC of the full model with the derived autocorrelation term included in 55 
addition to the hunting pressure variable. 56 
 57 
∑
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−
=
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  59 
Last, we expected the variables altitude and hunting to influence orang-utan density in a 60 
nonlinear rather than linear way. We therefore included for these variables squared terms 61 
in the model. Also we considered hunting to interact with altitude. Thus, the model 62 
expression becomes 63 
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 65 
where yi is the number of nests observed on transect i, α is the intercept of the linear 66 
predictor and ßj are the parameters for the linear predictors j with values xij at the 67 
sampling locations. χk are the parameters for the squared terms in the model, δ is the 68 
Alt Slope Hunting dist.forest ht_3 ac_term 
3.654681 1.496656 4.98177 3.757964 4.89579 1.249315 
 5 
parameter for the interaction between two predictors. γ is the parameter for the 69 
autocorrelation term a at transect location I and ε is the negative binomial error function. 70 
(ln(2xESWxl) is the offset term with l as the transect length and ESW as the effective strip 71 
width (Buckland et al. 2001, Hedley et al. 2004). ESW we estimated at 18.048 m using 72 
DISTANCE 6.0. We used a truncation distance of 40m, which reduced the total number 73 
of nests included into the analysis by 12 nests from 602 to 590.  74 
 75 
76 
 6 
Model diagnostics  77 
We checked various diagnostics of model validity and stability (Cook's distance, dfbetas, 78 
dffits, leverage and variance inflation factors; distribution of residuals, residuals plotted 79 
against predicted values) and none of these indicated obvious influential cases or outliers, 80 
nor obvious deviations from the assumptions of normality and homogeneity of residuals 81 
(Quinn & Keough 2002, Field 2005). 82 
 83 
 84 
Fig. S1.2. Plots for model diagnostics 85 
 86 
 7 
Nest decay 87 
We estimated mean nest decay time by using a slightly modified approach of Laing et al. 88 
2003. For each nest that did not completely decay during the study period we extracted 89 
from the repeat visits the number of days between the first observation of the nest and the 90 
last visit. For those nests that did decay during the study period we extracted the number 91 
of days between the first observation of the nest and the first visit, after the nest had 92 
decayed and in addition also the number of days between the first observation of the nest 93 
and the last visit before the nest had decayed. 94 
We then maximized nest survival probability for surviving nests and maximized nest 95 
decay probability for nests that had decayed, by taking the difference in survival 96 
probability for the visit before and after decay. For nest survival probability we used the 97 
logistic model with   98 
)))(exp(1(
)))(exp(1()(
t
tpi ∗+−+
−+
=
βα
α  , 99 
pi is the survival of nest i at time t after construction. The term (1+exp(-(α))) in the 100 
numerator ensures that pi (0) =1. 101 
We estimated parameters using the ‘optim’ function in R (R Development Core Team 102 
(2010). We then estimated mean decay time by summing the product of daily decay time 103 
and nest age over 2000 days. 95% confidence limits, we then estimated by bootstrapping 104 
our data 999 times, repeating the mean decay time estimation and took then from the 105 
ordered estimates, including the estimate for the original data the 25th and 975th value as 106 
lower and upper confidence limit. 107 
 108 
Spatial predictions 109 
The autocorrelation term we interpolated non-parametrically across the survey area by 110 
calculating for each grid cell an inverse distance weighted average of the autocorrelation 111 
term values at all sampled locations. To get confidence intervals for the estimated orang-112 
utan density we ran 1,000 parametric bootstraps. For each bootstrap, we sampled a 113 
prediction per model and cell and then averaged them, weighted by the models' Akaike 114 
weights. We then determined the lower and upper 95% confidence limits per cell (i.e., per 115 
 8 
km2) using the percentile method (Manly 1997) and also the mean of the bootstraps per 116 
cell. 117 
 118 
 119 
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